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Abstract
Chaperone-mediated autophagy is a selective mechanism for degradation of soluble cytosolic
proteins in lysosomes that distinguishes itself from other autophagic pathways by the selectivity
with which CMA substrates are targeted for degradation. The recent molecular dissection of this
autophagic pathway and the development of experimental models with compromised CMA have
unveiled the important contribution of this pathway to protein quality control. In fact, CMA
activation seems to be a common mechanism of cellular defense against proteotoxicity.
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Introduction to selective autophagy
Cells assure the renewal of their constituent proteins through a continuous process of
synthesis and degradation that also allows for rapid modulation of the levels of specific
proteins to accommodate to the changing extracellular environment [1]. Intracellular protein
degradation is also essential for cellular quality control to eliminate damaged or altered
proteins, thus preventing the toxicity associated with their accumulation inside cells. Two
major proteolytic systems exert this cleaning function: the ubiquitin-proteasome system and
the autophagic/lysosomal system [1]. In contrast to the rapid and selective degradation that
characterizes the ubiquitin-proteasome system [2,3], lysosomal degradation or autophagy
has been for years considered an “in bulk” non selective process. Recently, this lack of
selectivity has been refuted as it has become evident that autophagy discriminates the
intracellular components destined for degradation. Of the three types of autophagy described
in mammals [4], the contribution to quality control of macroautophagy and microautophagy
has been described in detail in other sections of this focused issue. We review here a third
form of autophagy known as chaperone-mediated autophagy (CMA), that differs from the
others in the mechanism for cargo selection and delivery to the lysosomal lumen for
degradation. CMA substrate proteins are selectively targeted one-by-one to the lysosomes
and are then translocated across the lysosomal membrane [5,6]. In this review, we briefly
describe the steps and molecular components that participate in the degradation of cytosolic
proteins via CMA and the most recent advances in our understanding of the physiological
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functions of this autophagic pathway, with particular emphasis on its role in protein quality
control. We also comment on the consequences of CMA malfunctioning in the context of
different human pathologies in which a primary defect in this pathway has been described.

Molecular characteristic of CMA
Selectivity in selection of CMA cargo is attained through the interaction of a cytosolic
chaperone, the heat shock-cognate chaperone of 70kDa, hsc70, with a specific region in the
amino acid sequence of the proteins destined for degradation. All CMA substrates contain in
their sequence a consensus motif, biochemically related to the pentapeptide KFERQ, that
when exposed (i.e. during protein misfolding or disassembly of protein complexes), is
recognized by hsc70 and in a process modulated by the associated co-chaperones, leads to
the delivery of the motif-bearing protein to lysosomes (Fig. 1) [7]. Lysosome-associated
variant forms of hsc70, also contribute to later steps in CMA [8–10]. For example, it has
been proposed that hsc70 along with the subset of co-chaperones associated to the lysosomal
membrane contribute to the unfolding of the substrate protein, an essential requirement
before translocation can occur [11].

Substrate proteins bind to the cytosolic tail of a constituent single span membrane protein
the lysosome-membrane protein type 2A (LAMP-2A) and are then translocated into the
lumen [5,6]. Complete translocation requires the presence of a form of hsc70 in the
lysosomal lumen, proposed to drive internalization by a ratchet-like mechanism or at least
prevent returning of substrate to the cytosol [8,10]. In contrast to other protein translocation
systems, the formation of the CMA translocation complex at the lysosomal membrane is
transient, and it persists only while the substrate is crossing the membrane (Fig. 1) [9].
LAMP-2A acts both as a receptor and also as essential component of the CMA translocation
complex [12]. Binding of the substrate proteins to monomers of LAMP-2A at the lysosomal
membrane promote its multimerization to form the complex required for substrate
translocation. Membrane-associated molecules of hsc70 actively disassemble LAMP-2A
into monomers to initiate a new cycle of binding and translocation (Fig. 1) [9].

Whereas cytosolic hsc70 is always in excess, binding of substrate proteins to the cytosolic
tail of LAMP-2A is limiting for CMA [13]. In fact, levels of LAMP-2A at the lysosomal
membrane are a direct determinant of cellular CMA activity, and changes in levels of this
receptor are utilized by cells to modulate this autophagic pathway [14]. Activation of CMA
in most cases does not require de novo synthesis of LAMP-2A and it is mediated instead by
changes in the degradation, dynamics and organization of this receptor protein at the
lysosomal membrane [9,13]. The mechanism that regulates the dynamics of LAMP-2A is
still under investigation; but recent data supports that LAMP-2A distributes between fluid
regions and lipid enriched microdomains at the lysosomal membrane where it can undergo
degradation [15]. When high CMA activity is required, LAMP-2A is actively excluded from
these domains and remains in the more fluid parts of the membrane where multimerization
can take place [15]. Subcompartmentalization of LAMP-2A at the lysosomal membrane is
tightly regulated by a lysosome-associated form of glial fibrillary acidic protein (GFAP) that
stabilizes the CMA translocation complex in a GTP-dependent manner [16]. In the presence
of GTP, a GFAP interacting partner, the elongation factor 1 alpha (EF1α), is released from
the lysosomal membrane, leading to self-assembly of GFAP and the neutralization of its
stabilizing function on the CMA translocation complex (Fig. 1).

In contrast to the comprehensive understanding of the regulation of the translocation
mechanism, the intracellular signaling mechanisms that control activation/inhibition of
CMA still remains unclear.
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Physiological role of CMA: What crosses the lysosomal membrane and
when

Sequence analysis has revealed that about 30% of cytosolic proteins contain in their
sequence putative motifs for CMA targeting. Immunoprecipitation studies with an antibody
that recognizes the structural characteristics of the CMA-tageting motif are in agreement
with this estimation. The approximately fifty already validated CMA substrates fall in a
broad range of protein categories, including, among others, glycolytic enzymes (GAPDH,
aldolase, PGM) [17], transcription factors (c-fos, Pax, MEF2D) [18–20], inhibitors of
transcription factors (IkBα) [21], calcium binding proteins (specific annexins) [22], lipid
binding proteins (alpha-2-microglobulin) [23], proteins involved in vesicular trafficking (α-
synuclein, Tau) [24,25] and even catalytic subunits of the proteasome [26]. Although many
of these substrates organize as protein complexes in the cytosol, they only become amenable
for CMA degradation when as single subunits. Organization of any of these proteins into
irreversible oligomers or aggregates also prevents their degradation by this pathway. The
inability of CMA to degrade protein inclusions explains why CMA is a successful
mechanism for quality control of proteins while they remain soluble and “unfoldable”, but
CMA cannot remove proteins severely altered which are no longer in solution.

Some level of basal CMA activity is detectable in almost all cells and it is responsible for
some of the cell-type specific functions recently attributed to this pathway such as antigen
presentation in professional antigen-presenting cells [27], preservation of neuronal viability
by modulating levels of the transcription factor MEF2D [19] or control of renal tubular cells
growth through the degradation of the Pax2 transcription factor [18]. However, CMA is
maximally stimulated in response to stress, conferring onto CMA a role in protein quality
control as well as an alternative source of amino acids. In fact, CMA is activated when cells
are deprived of nutrients for relatively long periods of time (>10h) [28,29]. CMA supplies
the cell with amino acids required to sustain protein synthesis under these conditions. In
addition, CMA contributes to maintenance of the stability of the proteome during stress as it
can mediate the selective removal from the cytoplasm of altered or damaged proteins
without disturbing normally functioning nearby proteins. Different types of undesired
posttranslational modifications (mild oxidation, partial unfolding, abnormal protein
truncation, conjugation to toxins and formation of protein adducts with small molecules)
have all been shown to enhance CMA of specific proteins [23,25,30–32]. The partial
unfolding often associated with these modifications may facilitate CMA substrate
recognition by hsc70 and translocation across the lysosomal membrane.

The physiological relevance of the selective removal of altered proteins by CMA has
recently been confirmed by analyzing the cellular consequences of CMA malfunctioning
[33]. Cultured cells with compromised CMA display unusual sensitivity to stress, that
presumably originates from the higher content of oxidized and aggregated proteins observed
in these cells [34]. In fact, upregulation of CMA has been observed upon exposure of cells
to mild oxidative stress [32] and protein-damaging toxins [23], supporting that cells activate
this pathway in their defense against proteoxicity.

CMA dysfunction in proteinopathies
Dysfunction of CMA activity has been described in a growing number of pathologies
(reviewed in [6,35,36]). Because of the interest for this focused issue, we describe here those
pathologies related to alterations in protein homeostasis also known as proteinopathies or
protein conformational disorders (Fig. 2).
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The first connection between proteotoxicity and CMA in the context of disease was
established with a type of nephropathy induced by exposure to gasoline derivatives, that
upon interacting with the lipid binding protein alpha-2-microglobulin, promoted its
accumulation into inclusions. Liver and kidney, the two tissues where this protein is
detected, respond to the toxic modification of alpha-2-microgrobulin by upregulating CMA
[23]. However, if the exposure persists, CMA capability is surpassed and protein
aggregation occurs leading to proteotoxicity and disease [23].

The recent interest in autophagy malfunction in neurodegenerative diseases has revealed the
contribution of primary defects in CMA to the pathogenesis of some of these protein
conformational neuronal disorders (Fig. 2). Common to these pathologies is the
accumulation of aberrant pathogenic proteins in the form of inclusions inside or outside
neurons. Symptoms depend on the normal function of the pathogenic protein and the brain
regions in which it is normally present.

A large number of these pathogenic proteins contain KFERQ motifs in their amino acid
sequence making them putative candidates for CMA degradation (Fig. 2). In fact, CMA-
targeting motifs have been identified in the Parkinson’s disease-related proteins α-synuclein,
parkin, UCH-L1, pink-1 and DJ-1, in APP and Tau, associated to Alzheimer’s disease (AD)
and in huntingtin, the protein mutated in Huntington’s disease (HD). Studies with in vitro
reconstituted systems [25], in neuronal cells in culture [25,31,37] and more recently in vivo
in the brain of PD mice [38] have demonstrated that a fraction of intracellular α-synuclein is
normally degraded by CMA, but its pathogenic variants, although properly recognized by
hsc70 and targeted to lysosomes, are unable to reach the lysosomal lumen [25]. The
abnormally tight binding of these proteins to the lysosomal membrane and their organization
into irreversible oligomeric complexes in this compartment is behind their autophagic failure
[25,31]. Furthermore, this abnormal lysosomal binding of the pathogenic proteins blocks
CMA of other cytosolic proteins. Impaired CMA could be behind the compromised response
to stress of PD neurons. Abnormal interaction with CMA components in lysosomes has also
been recently described for mutant forms of another PD-related protein, the ubiquitin
carboxyl-terminal esterase L1 protein (UCHL-1) [39]. Contribution of other pathogenic PD
proteins bearing CMA targeting motifs to CMA toxicity in PD requires further investigation.

Compromised translocation across the lysosomal membrane has also been described for
some mutant forms of tau, a protein associated with AD pathogenesis and that accumulates
in tangles in different tauopathies. Similar to pathogenic α-synuclein, mutant tau proteins are
properly targeted to lysosomes, but in this case, translocation initiates but is halted at an
early stage, leaving the N-terminal part of the protein accessible to the luminal proteases.
Partial cleavage of the protein generates highly amyloidogenic peptides that organize into
irreversible oligomers at the lysosomal membrane, interfering with CMA [24]. The extent to
which CMA blockage contributes to pathogenesis of tauopathies or in the AD brain requires
further investigation.

Despite the multiple CMA-targeting motifs identified in huntingtin, the protein that bears an
abnormally expanded stretch of glutamines in HD patients favoring its aggregation in
affected neurons, CMA degradation of the full size protein is negligible. A primary defect in
macroautophagy seems responsible for proteotoxicity in HD and could explain the
upregulation of CMA observed in this disease (Martinez-Vicente et al., submitted). In fact,
previous studies have established the existence of reciprocal mechanisms of compensation
between these two autophagic pathways [33,40]. Enhancers of CMA could thus have
therapeutic potential in HD, as genetic upregulation of this pathway has been shown to
improve cellular viability in HD brain slices in culture [30], and artificially enhanced
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targeting to CMA of mutant huntingtin has recently proven beneficial in HD mouse models
[41].

Proteotoxicity associated with aging and CMA
Accumulation of protein damage is a common feature of most tissues in aging organisms.
Compromised quality control with age contributes to altered protein homeostasis [42,43].
Age-dependent changes in the lysosomal system and the subsequent decline in autophagic
activity were identified even before the molecular mechanisms that govern the different
autophagic pathways were fully understood [42,43]. Both macroautophagy and CMA
activity decrease with age in most organs in aging mammals. This reduction in CMA has
been attributed to the lower LAMP-2A content in lysosomes from old cells due to problems
with the stability of this receptor protein at the lysosomal membrane [44,45].

The contribution of reduced CMA activity to altered cellular homeostasis in old organisms
has been recently confirmed using a transgenic mouse model with an inducible exogenous
copy of LAMP-2A [46]. Activation of the transgene to compensate for the reduced levels of
endogenous LAMP-2A and to preserve CMA function until late in life leads to reduced
intracellular levels of oxidized and aggregated proteins in these animals, improves their
response to stressors, and maintains better organ function. The age-dependent decline in
CMA contributes, at least in part, to the aggravating effect of aging in the course of different
protein conformational disorders with a primary compromise in CMA.

Concluding remarks
Selectivity in protein removal as part of cellular quality control has been traditionally
attributed solely to the ubiquitin-proteasome system. However, the precise coordinated
action of cytosolic chaperones and different protein components at the lysosomal membrane
allows lysosomes to perform similar selective removal of proteins via CMA. This
autophagic pathway reveals itself as an important component of the cellular response to
those stressors damaging the soluble cellular proteome. The recently identified CMA
compromise in a growing number of protein conformational disorders and the described
decline in the activity of this selective pathway with age supports that interventions to
modulate CMA activity could have therapeutic potential in these devastating disorders.
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Figure 1. Molecular components of chaperone-mediated autophagy
Scheme of the sequential steps that mediate degradation of cytosolic proteins through
chaperone-mediated autophagy (CMA): 1. Recognition of cytosolic proteins by hsc70 and
its co-chaperones. 2. Binding of the chaperone/substrate complex to the receptor at the
lysosomal membrane. 3. Unfolding of the substrate protein. 4. Translocation across the
lysosomal membrane. 5. Degradation in the lysosomal lumen. Insets: A. Regulation of the
stability of the CMA translocation complex B. Dynamics of the CMA receptor at the
lysosomal membrane. .
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Figure 2. CMA dysfunction in protein conformational disorders
CMA contributes to protein quality control and maintenance of the stability of the proteome.
Consequently, alterations in this autophagic pathway have been linked to different protein
conformational disorders. This scheme displays some of these disorders in kidney and in the
central nervous system, and illustrates the potential negative effect that changes with age in
CMA activity have in the progression of these diseases.
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